Investigations with infrared spectroscopy and microgravimetry show that CO 2 forms in small quantities during codeposition of CO and cooled O and O 2 into thin films at 20 K: ∼3 × 10 14 CO 2 cm −2 within a film containing 2.7 × 10 17 CO cm −2 . The reason for the low CO 2 yield is that O atoms react preferentially with O to form O 2 , and with O 2 to form ozone, which was not considered in previous studies with atomic beams. Heating a CO + O + O 2 film capped with a ∼2.5 μm thick water ice layer to 80 K increased CO 2 by 30%, showing additional reactions between O and CO diffusing in the ice layer. Although the CO 2 :CO = 10 −3 measured in our experiments is at least two orders of magnitude smaller than reported interstellar ratios, sputtering and differential desorption during transient heating events, e.g., by impacts of cosmic rays or stellar winds, can increase the ratio to observed values.
INTRODUCTION
Understanding the origin of molecules in the interstellar medium (ISM) is a central problem in astrophysics whose solution requires laboratory investigations to complement observations. A particularly interesting and unresolved problem is the origin of carbon dioxide, which is abundant in the solid phase but not as interstellar gas. Condensed CO 2 has been detected in infrared absorbance spectra along multiple lines of sight in the ISM with abundances ranging from 10% to 30% relative to water ice (Boogert et al. 2004; Chiar et al. 2011) .
The observation of condensed CO 2 , in spite of its low abundance in the gas phase, suggests that it is formed on grains from the abundant parent molecule CO. Two mechanisms have been proposed for CO 2 formation, both requiring oxidation of CO by O atoms, which either accrete on the grain from the gas phase or are formed by dissociation of neighboring molecules in the ice, such as O 2 or H 2 O, by radiation such as Lyα, cosmic rays, or stellar winds. The latter mechanism is not favored by laboratory studies (Gerakines & Moore 2001; Loeffler et al. 2005; Satorre et al. 2000; Watanabe & Kouchi 2002) , which show that irradiation of solid CO by Lyα or fast ions produce CO 2 :CO ratios that are much smaller than those observed in the ISM.
The exothermic reaction O + CO + M → CO 2 + M has a potential barrier of 17 kJ mol −1 (2000 K) in the gas phase (Slanger 1972) . In the solid, there have been conflicting experiments with controversial results, partly because previous experiments could not control the internal excitation or kinetic energy of the O atoms. These studies irradiated CO mixed with N 2 O (Fournier et al. 1979) or O 2 (Grim & D'Hendecourt 1986) (Roser et al. 2001) . A mass spectrometer detector did not show CO 2 in the desorbed flux when warming the film to 60 K. However, CO 2 was detected by the mass spectrometer, with a low signal-to-noise ratio, when the deposit was capped with a ∼100 ML ice layer and warmed to 160 K. They assumed that O + CO reactions occur in the ice pores during heating and derived an activation energy of 290 K. The model has many missing pieces or unknowns such as formation of O 2 and O 3 , as well as migration rates for different species in the ice, and thus it is difficult to assess the reliability of the reported value. However, the activation energy is not inconsistent with the previous observations of CO 2 formation at 77 K (Sharpe et al. 1988) . The lowering of the barrier in the solid is not unexpected. The mean distance between O-CO pairs in the solid is ∼0.2 nm, calculated from the minimum barrier in the gas phase (Braunstein & Duff 2000) . Additional interactions with other species in the solid will strongly perturb the potential energy surfaces.
The question of the temperature required for CO 2 synthesis via CO oxidation by O in laboratory timescales has remained unanswered. Roser et al. did not detect CO 2 below 60 K (Roser et al. 2001) , but this could have resulted from low sensitivity, since this temperature is close to 77 K, at which Sharpe et al. detected CO 2 using infrared spectroscopy (Sharpe et al. 1988) . To resolve this apparent conflict or uncertainty, we undertook experiments condensing CO with O atoms at 20 K, but using more sensitive and quantitative detection methods. We combined infrared spectroscopy and microgravimetry to detect CO 2 in the condensate and obtained absolute numbers for the amounts of reactants and reaction products.
EXPERIMENTAL SETUP
Atomic oxygen was delivered to the gold substrate from a radio frequency (RF)-based Mantis MATS30 atom source connected to the main chamber via a two-stage, differentially pumped beam line. The source was operated at 600 W, which partially dissociates O 2 gas to form an oxygen plasma. Deflection plates biased at 500 VDC removed the charged species in the plasma beam. The O x neutrals (O and O 2 ; the absence of O 3 is discussed later) travel undeflected and undergo multiple collisions with a quartz thermalizer that is at a few hundred degrees Celsius. The beam then enters a Teflon-coated Al tube cooled to 40 K, acting as a second thermalizer, where the neutrals undergo additional collisions that lower their translational energy. The non-reactive Teflon coating inhibits recombination of the atomic oxygen flux (Mulcahy & Williams 1968) . Such collisions should also remove electronic excited states O ( 1 D or 1 S), since they quench efficiently in gas phase collisions (Noxon 1970; Welge & Atkinson 1976) . Thus, the beam striking the target is composed of ground state O and O 2 cooled to ∼40 K. The atomic fraction of the beam is estimated at 40% ± 10%, typical for RF sources.
After passing another stage of differential pumping, neutral oxygen species entered the main target chamber at 10 −10 Torr and deposited at normal incidence on top of the gold substrate of a quartz crystal microbalance (QCM) cooled to 20 K, whose resonant frequency changes proportionally to the areal mass of the deposit (Sack & Baragiola 1993) . A typical response of the QCM during deposition is shown in Figure 1 . The frequency of the microbalance decreases at a linear rate as O x begins to condense on the QCM (Figure 1 , red line). Typical deposition rates of the neutrals were ∼0.2-0.25 Hz s −1 , equivalent to ∼0.1 ML s −1 of O (1 monolayer (ML) is defined here as 10 15 molecules cm −2 ). Once an initial rate is established, isotopically labeled 13 C 16 O (>98% isotopic purity) was deposited at 60
• incidence through a microcapillary doser. The total deposition rate increased to 0.5-0.55 Hz s −1 , due to additional flux of ∼0.06 ML s −1 of 13 CO. Close to the end of the film growth, the CO deposition was stopped, and the O x deposition was continued briefly to compare with the initial deposition rate. The terminal O x flux was usually within 2% of the initial O x flux. We obtained uniformly mixed films of 13 C 16 O and neutral O species. The film thickness depends on the relative proportion of the main constituents (CO, O 2 , and O 3 ) and their densities. We estimate their concentration in the film (discussed later) and deduce thickness of ∼0.2 μm, using reported solid-state densities for CO (Roux et al. 1980) , O 2 (Barrett & Meyer 1967) , and O 3 (Streng & Grosse 1959) . We ignore the contribution of the small amounts of residual O atoms and CO 2 . These films were further capped with ∼2.5 μm thick H 2 O ice layer deposited at normal incidence and then heated at 1 K minute
Specular infrared reflectance spectra of the mixed films were measured at 35
• incidence using a Thermo-Nicolet Nexus 670 Fourier transform infrared spectrometer at 2 cm −1 resolution. The spectra were divided by the reflectance spectrum of the bare gold substrate and converted to optical depth, −ln (R). The absorption band areas of 13 CO 2 and O 3 features were derived after subtraction of base lines that fit the continuum.
Using isotopic 13 CO (Cambridge Isotopes Labs), we were able to distinguish between 13 CO 2 formed from the 13 CO + O reaction and adventitious 12 CO 2 , which condenses from thermal-or particle-induced desorption from CO 2 off the walls of the vacuum chamber or is formed by the reaction of O with adsorbed 12 CO. The 13 CO 2 absorption is also shifted with respect to that of atmospheric 12 CO 2 in the path of the infrared beam external to the vacuum system. Furthermore, we verified that any potential 13 CO 2 impurity in the 13 CO gas was below detection limits in the infrared measurements.
3. RESULTS Figure 2 shows the absorption features of different species in the film formed from codeposition of 13 We performed a blank experiment without using O atoms: film B, also ∼0.2 μm thick with a 2.5 μm ice cap, is formed by sequential deposition of known amounts of 13 CO (∼64 ML), 13 CO 2 (∼0.5 ML), 13 CO (∼195 ML), 13 CO 2 (∼2 ML), and O 2 (∼243 ML). Both films were heated at 1 K minute −1 . Comparing the temperature dependence of CO 2 band areas in the two films (Figure 3 ) helps discard changes in CO 2 band area due to the interference effect (Teolis et al. 2007b ). The 13 CO 2 band area in film A increased by 30% during heating to 80 K. In contrast, the CO 2 band area in film B remained constant over the same temperature range, within errors. The amount of CO 2 decreased past 80 K as CO 2 leaked out of the ice cap. At ∼140 K, we observed a sudden decrease in CO 2 band area as CO 2 trapped in the ice film desorbed rapidly during ice crystallization.
Similarly, we show in Figure 4 the areas of the 9.6 μm O 3 band and the 6 μm H 2 O band in film A upon heating. Ozone is formed from surface reactions of O and O 2 present in the incoming flux (see the discussion). The O 3 band area remained nearly constant up to 45 K, and then doubled from 45 to 60 K. The band area then decreased between 60 and 80 K and remained nearly constant until 140 K, where it decreased sharply due to removal of trapped O 3 during ice crystallization. The fact that the 6 μm ice band barely changed when heated to 80 K indicates negligible changes in the optical properties of the film that could produce distortions due to the interference effect (Teolis et al. 2007b ). Figure 3 . Evolution of the 13 CO 2 absorption band area at 2280 cm −1 in two ∼0.2 μm thick films during heating at 1 K minute −1 . Film A is formed from codepositing 13 CO and O, O 2 . Film B is formed from sequential deposition of 13 CO (∼64 ML), 13 CO 2 (∼0.5 ML), 13 CO (∼195 ML), 13 CO 2 (2 ML), and O 2 (243 ML). 1 ML = 1 × 10 15 molecules cm −2 . Both films are capped with a 2.5 μm thick water ice film prior to heating. The 30% increase in 13 CO 2 band area observed in film A and absent in film B indicates additional CO 2 from reactions between CO and residual O. The CO 2 signal decreases past 80 K since CO 2 desorbs from the ice surface. The CO 2 band area in film B is multiplied by 0.1.
DISCUSSION
The experiments produced CO 2 at 20 K in film A, and additionally O 3 , which have not been previously observed in studies using thermal atomic beams. The presence of ozone requires that we consider that O atoms can react through three competing pathways: with CO to form CO 2 , with another O to form O 2 , and with O 2 to form O 3 . The detection of CO 2 at 20 K contradicts a previous experiment (Roser et al. 2001 ) in which CO 2 was not observed after warming CO and O deposits from 5 to 60 K. This contradiction may be apparent and may have resulted from the higher signal-to-noise ratio in our experiments.
To quantify the amount of CO 2 from the infrared spectra we need the absorption band strength of CO 2 . However, this band strength depends on the environment of CO 2 (mixed with other solids or segregated; Bernstein et al. 2005; Gerakines et al. 1995) and varies with film thickness in reflectance (Teolis et al. 2007b) . Therefore, we cannot use the published values of band strength. Instead, we fit the reflectance spectrum of film A with a synthetic spectrum generated with Fresnel equations (Teolis et al. 2007b ) that use the optical constants of the five constituents:
13 CO, O 2 , O 3 , 13 CO 2 , and 12 CO 2 . The fit, obtained by adjusting the mass fractions of five components in the film, gives 0.3 ± 0.1 ML 13 CO 2 produced from the 273 ML of 13 CO or about 1 in 1000. We also calculate 33 ± 8 ML of ozone from its 9.6 μm absorption in Figure 2 . Given the much larger production of ozone, we conclude that the majority of O atoms react either with O or O 2 , rather than with CO. The reason for the low CO 2 :O 3 ratio could be a small reaction barrier or strong steric effects (Braunstein & Duff 2000) . The fact that the reaction O ( 3 P) + CO ( 1 Σ + ) → CO 2 ( 1 Σ + ) requires spin exchange with the lattice is probably unimportant since it may proceed through an intermediate state involving excited triplet CO 2 (Fournier et al. 1979; Braunstein & Duff 2000) . We note that related experiments in warming of photolyzed mixtures of O 2 and CO diluted in solid Ar (Grim & D'Hendecourt 1986 ) also showed preferential formation of ozone with respect to CO 2 .
We determined that the detected O 3 is formed via surface reactions between O and O 2 and is not from condensation of gas phase O 3 , using a blank experiment to check the presence of gas phase O 3 in the incident flux. The bare gold substrate was exposed to the neutral beam for 30 minutes at 50 K, where only O 3 can condense. The substrate was further cooled to 20 K and again exposed to the atom source for an additional 30 minutes, where both O and O 2 can condense. The mass uptake rate at 50 K was 5% of that at 20 K; infrared spectroscopy determined Band Area ( cm ) that this uptake was due to background water and not ozone. However, O 3 formed during the second 30-minute exposure at 20 K, as indicated by the presence of the 9.6 μm infrared band.
The 30% increase in 13 CO 2 band area during warm-up in film A (Figure 3) suggests that thermal diffusion of unreacted O atoms and 13 CO molecules induced further reactions to form additional 13 CO 2 . The water ice cap traps the CO and O species in the ice nanopores (Raut et al. 2007 ) to temperatures higher than those at which surface CO sublimes rapidly.
The ozone band area in film A remained nearly constant when heated up to 45 K and then increased rapidly up to 60 K (Figure 4 ). This behavior is possibly due to residual O that reacts with O 2 to form additional O 3 . However, the fast rise in the signal is more likely related to the sharp increase in the absorption strength of ozone due to crystallization between 47 and 53 K (Teolis et al. 2007a ). The O 3 signal drops above 60 K due to diffusion to the surface, from where it can desorb thermally. The 6 μm H 2 O band area remains nearly constant up to 80 K, showing that the change in the O 3 band area is not an optical interference effect.
ASTROPHYSICAL IMPLICATION
Abundant CO has also been detected in both gas and solid phase, with 10-100 times more CO in the gas phase (van Dishoeck et al. 1996) . The existence of gas phase oxygen is inferred from comparison between the expected O abundance and the oxygen tied up in solid and gaseous O 2 , CO, CO 2 , and H 2 O. It has been suggested that a fraction of the missing oxygen exists as atomic O in dark molecular clouds (Vandenbussche et al. 1999) with O abundance comparable to that of CO gas. It has been estimated that the CO molecules strike a grain once every few days (Tielens 2005) . Formation of CO 2 can occur on the grains when CO and O atoms accrete from the gas phase in close proximity, diffuse and react, or CO 2 can form directly when an incoming O collides with a surface CO. The observation of direct CO 2 formation at 20 K on laboratory timescales shows that this synthesis mechanism can indeed contribute to the observed CO 2 over the lifetime of the molecular clouds (∼10 7 yr) and, additionally, that it can occur in dark clouds where the ultraviolet flux is small, ∼10 3 -10 4 photons cm −2 s −1 (Prasad & Tarafdar 1983) . Other formation mechanisms that do not require radiation are suggested by recent experiments showing that CO 2 forms when solid CO is exposed to products of a water discharge (Oba et al. 2010 ) and when mixed films of CO and O 2 are exposed to H atoms (Ioppolo et al. 2011) . O atoms are reactive radicals and can react with molecules other than CO. Our experiments show that, in the presence of O 2 , formation of ozone is favored over CO 2 , which is also found in matrix-isolation studies (Grim & D'Hendecourt 1986) . This suggests that there may exist other sinks for O, such as in-grain reactions with abundant H and H 2 . The competition for O would depend on the relative concentration of different species that can potentially react with O and the size of any reaction barrier.
Although the measured CO 2 :CO ratio of 0.001 is at least 100 times smaller than that observed in interstellar ice mantles (Cook et al. 2011) , there are many phenomena that can significantly enhance the ratio after synthesis. Both thermal desorption and particle-induced desorption/sputtering preferentially remove the more volatile CO. Preferential CO desorption can occur during transient heating in grain-grain collisions or by an impact of an energetic particle such as a cosmic ray.
The formation of ozone, an important observation in this work, is difficult to put in an interstellar context since the abundance of O and O 2 is still an unsolved problem (Hollenbach et al. 2009; Jenkins 2009; Whittet 2010) . The lack of positive detection of solid ozone in molecular clouds is not conclusive since the strong broad silicate band absorption at 10 μm can easily mask the 9.6 μm ozone feature. In favorable cases, weak structures can be seen in the 8.5-10 μm region. Recent spectra toward IC 5146 (Chiar et al. 2011 ) is compatible with the presence of NH 3 , O 3 , and CH 3 OH but does not allow unambiguous identification. The presence of ozone on dust grains presents interesting additional possibilities. Due to its low bond energy (1.1 eV), ozone would easily be photodissociated to produce hot O atoms that could react locally with CO and produce CO 2 (Madzunkov et al. 2006) .
